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DESTRUCTION  OF  CYCLOTRON  RESONANCES 
IN  WEAKLY  COLLISIONAL,  INHOMOGENEOUS  PLASMAS 

1.  INTRODUCTION 

We  investigate  the  effect  of  like  particle  collisions  (i.e.,  ion-ion  and  electron-electron  colli- 
sion) on  short  wavelength,  electrostatic  cyclotron  instabilities  in  weakly  collisional,  inhomo- 
geneous plasmas.  That  is,  for  v/fl  < < 1 and  r*  > > 1 where  v is  the  collision  frequency, 
n is  the  cyclotron  frequency  and  is  the  mean  Larmor  radius.  We  base  our  analysis  on  a 
model  Fokker-Planck  equation  originally  proposed  by  Chandresekhar'  and  applied  to  a homo- 
geneous, unmagnetized  plasma  by  Lenard  and  Bernstein^  and  to  a homogeneous,  magnetized 
plasma  by  Dougherty.^  Dougherty  found  that  cyclotron  resonances  could  be  destroyed  by  colli- 
sions if  v/ft  >1  or  (i>/n)kx  rl  >1.  The  latter  condition  is  particularly  interesting  since  it 
indicates  that  cyclotron  waves  with  rl  »1  may  not  exist  even  though  v/fl  <<  1.  Physi- 
cally this  occurs  because  the  particles  can  diffuse  a distance  Lp  — in  one  gyro- 

period.  If  this  distance  is  greater  than  a wavelength  ( i.e.,  {vl^l)kl  rl  >1)  then  the  cyclotron 
wave  cannot  maintain  its  coherence.  In  fact,  it  has  been  shown  analytically  that  the  electron- 
Bernstein-mode  dispersion  equation  makes  a transition  to  the  ion-acoustic-mode  dispersion 
equation  ( i.e.,  the  electrons  become  "unmagnetized"  ) when  (v„lilf)k2  rl,  ^ 1.^  We  men- 
tion that  this  case  has  been  studied  numerically  and  such  a transition  was  not  observed.^ 

We  demonstrate  in  this  paper  that  in  weakly  collisional,  inhomogeneous  plasmas,  the  ion- 
and  electron-cyclotron  drift  instabilities  transform  into  their  unmagnetized  counterparts,  the 
lower-hybrid-drift  and  the  ion  acoustic  instabilities,  respectively.  We  discuss  the  ion-cyclotron- 
drift  instability  (also  known  as  the  drift-cyclotron  instability)*  in  detail  and  show  it  becomes  the 
Manutcript  Submitted  Jinuary  31,  1979 
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lower-hybrid-drift  instability^  in  the  region  of  maximum  growth  when  (w/O,)  > 

vjCl,>  m,/m,  for  r,=sr,  plasmas.  The  first  inequality  is  required  to  overcome  electron  viscu- 
ous  damping,  while  the  second  allows  the  ions  to  become  "unmagnetized.”  Applications  to  the 
equatorial  Spread  P phenomenon*  and  the  Tandem  Mirror  Experiment  (TMX)’  are  discussed. 

We  point  out  that  several  Russian  authors  have  also  studied  the  effects  of  collisions  on 
instabilities  in  inhomogeneous  plasmas.  Mikhailovskii  and  Pogutse"’  have  derived  a general 
dispersion  tensor,  including  electrostatic  and  electromagnetic  perturbations,  based  on  the 
Bhatnagar-Gross-Krook  (BGK)  collision  model."  Rukhadze  and  Silin'^  base  their  analysis  on 
the  Landau  collision  integral  and  discuss  a variety  of  drift  instabilities.  However,  neither  of  the 
above  studies  treat  the  limit  { v / (l)k^  *"<1  hence,  do  not  find  a transition  to  ’unmag- 

netized* behavior. 

The  structure  of  the  paper  is  as  follows.  In  the  next  section  we  derive  a general  disper- 
sion equation  for  electrostatic  waves  in  a weakly  collisional,  inhomogeneous  plasma  based  upon 
a model  Fokker-Planck  equation.  In  Section  III  we  apply  this  theory  to  the  ion-cyclotron-drift 
instability,  presenting  both  analytical  and  numerical  results.  Finally,  in  the  last  section  we  dis- 
cuss the  implications  of  these  results  for  both  space  and  laboratory  plasmas. 

II.  THEORY 

A.  Physical  ConflgHratlon  and  Assamidiont 

The  physical  configuration  which  we  consider  is  described  as  follows.  The  equilibrium 
magnetic  field  is  B - density  varies  only  in  the  x direction  and  the  temperature  is 

assumed  constant.  The  density  gradient  produces  a cross-field  drift  given  by  Uq  - iy  where 
- (v^/2n)d  In  n/bx  is  the  diamagnetic  drift  velocity.  Here,  v^  ■■  IT/m  is  the  thermal 
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velocity  and  O — qBJmc  is  the  cylcotron  frequency  for  a species  with  temperature  T,  charge  q 
and  mass  m.  We  treat  only  electrostatic  oscillations  and  assume  perturbation  quantities  to  vary 
as  exp[-/(k  ■ x - wr)]  where  k ~ ilcj.  We  make  use  of  the  local  approximation  which 

requires  kL„  » 1 where  L„  — (8  In  /i/dx)~'  is  the  scale  length  of  the  density  inhomogeneity. 
The  equilibrium  distribution  function  used  in  the  analysis  is'^ 


/o  - Unix)  **P  ~ Uo)Vv,il. 


where  we  emphasize  that  this  is  a self-consistent  Vlasov  equilibrium  for  strongly  inhomogene- 
ous plasmas  (i.e.,  1^  > ft  where  is  the  mean  gyroradius)  locally,  say  at  x - Xg. 


B.  Model  Fokker-PIanck  Eqaatlon 

We  choose  the  following  model  Fokker-PIanck  equation  to  describe  collisional  effects' 

+ yj-^  + -2-  (E  -t-  V X B)j-^  - v-^Vyj-Uj)/  + (2) 

dl  ^ dxj  m c •'  dvj  Svy  I ^ ^ m dvy 

where  n - J'rf'v/,  nVj  - J*</’v  v,/  and  inT  - J'rf’v  m(v— V)^/.  The  first  term  in  brackets 
represents  friction  and  is  taken  to  be  proportional  to  the  velocity  relative  to  the  mean  velocity. 
This  is  a reasonable  approximation  for  thermal  particles  but  is  incorrect  for  ‘tail*  particles.  The 
second  term  represents  diffusion  and  is  chosen  to  be  isotropic  which  requires  the  Debye  length 
to  be  less  than  the  mean  Larmor  radius.  This  model  describes  small-angle  collisions  and  is  par- 
ticularly useful  in  handling  like  particle  collisions. 

Linearizing  Eq.  (2)  we  obtain 


where 


/ \ q ^^1  8 ( j-  ^1  1 


3 


HUBA  AND  OSSAKOW 


"I  - Sd^yfi-noUj  - v^/„3n.(r,/7;)  - (2/yi,)  - U ,)Vi  And  v}i,^2To/m. 

Here,  the  subscripts  o and  1 denote  unperturbed  and  perturbed  quantities,  respectively,  and 

Uj  - Ujo  + uj. 

We  can  cast  Eq.  (3)  into  a form  which  can  be  solved  using  a Green’s  function’  by  the  fol- 
lowing transformation;  x— »x  + V/  and  v— + V where 

Making  use  of  this  coordinate  change  we  find  that  Eq.  (3)  becomes 

^ + ''If  * 1 m 1?  If  ■ 

and  /)  is  defined  by  Eq.  (4)  with  the  transformation  reflected  in  We  point  out  that  the  above 
coordinate  transformation  is  sign  dependent  (through  the  diamagnetic  drift  velocity  (/,  ) and 
cannot  be  made  simultaneously  for  both  species.  However,  this  does  ot  create  a serious  prob- 
lem since  we  only  consider  collisional  effects  on  a single  species.  Moreover,  since  we  are 
interested  in  the  situation  where  i'/0«l  and  kj  rl  » 1 we  note  that  (1)  the  old  reference 
frame  is  a good  approximation  to  the  new  one  and  (2)  the  final  term  in  Eq.  (4)  can  be 
neglected.*  Thus,  within  the  context  of  these  assumptions,  we  consider 

8/i  8/  a \ _ 1 1 8/,  . . v,i  8Vi  Q 8^,  8/,  ,,, 

IT  * * i;  7-'’  - "'I  - '"f' 


m dxj  8v/ 


to  describe  electrostatic  oscillations  in  a weakly  collisional,  inhomogeneous  plasma  where  /,  is 
defined  by  Eq.  (1).  The  important  physics  contained  in  Eq.  (6)  is  the  modification  of  the 
unperturbed  orbits  to  include  a resistive  term  and  the  diffusion  of  perturbations  as  they  are  con- 
nected along  an  unperturbed  orbit. 

C.  Derivation  of  the  Dispersion  Eqnatlon 


The  dispersion  equation  for  electrostatic  perturbations  is 


D(».  fc)  - 1 + Xlx. -0 


4 


NRL  MUMORANOUM  REPORT  3916 

where  x.,  is  the  susceptability  of  species  a is  defined  by  x,,*^!  “ ~ Thus,  we 

only  need  to  know  the  perturbed  density  in  order  to  determine  the  linear  behavior  of  electros- 
tatic waves.  In  order  to  compute  the  perturbed  density  we  follow  the  method  of  Dougherty  and 
employ  a Green’s  function.^  We  only  present  the  results  here  and  refer  the  interested  reader  to 
Ref.  3 for  the  mathematical  details.  In  the  absence  of  collisions,  the  Green's  function  is  a 8 
function  and  perturbations  are  simply  convected  along  the  unperturbed  orbit.  When  collisions 
are  included,  the  perturbations  also  spread  out  due  to  the  diffusion  as  well  as  being  convected 
along  the  unperturbed  orbit  (which  now  includes  a resistive  term).  Thus,  the  Green’s  function 
becomes  a Gaussian  distribution  in  phase  space. 


Using  notation  similar  to  Dougherty,  we  find 


n, ^ a" 

V,/, 


where 


"'-I'vL; 

/ - drexpliior  - <I»(t)  - ’Kt)), 

<I>(t)  - -j  rl  [cos#  -I-  vT  - exp(  - Pt)cos(t  - #)[ 

2 y 
k U 

-t-  “ PrlsinT  + P(I  - exp(  - Pt)cost)1, 

, . 1 1 . I - exp(  - (v  - /X)rl 

r -HjPxP  

^ I-exp[-.(v-H./X)rl  ^ ^ 

n p -p  /X 

. 2/«r, 


V,i 

1 

2 

2' 

u,l 


exp[  - (P  -P  /Xlrlf, 


(8) 

(9) 

(10) 

(11) 


(12) 
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— 2tan  ' P,?  — v/tl.ai  — u/nstndtjf  — (dln«/djif^),_j,  . Note  that  we  use  a polarized  coordi- 
nate system  where  jr'  - (l/>^(x  + iy),x°  - z and  x~'  - (l/VDU  - />).  This 

transformation  is  unitary  but  not  orthogonal  so  we  must  distinguish  contravariant  and  covariant 
vectors. 


Making  use  of  Eqs.  (8)  - (12),  we  arrive  at 

X - I ‘ + 'I  - |X  ‘^^expl/o.r  - <I>(t)1  j (13) 

where  lo^  — Annq^lm.  We  emphasize  that  this  expression  for  x is  only  valid  for  v/Cl«\  and 
rl»l.  Note  that  in  the  limit  /,„—•<»  ( i.e.,  Uo-*0  ),  Eq.  (13)  reduces  to  a result 
equivalent  to  that  derived  by  Allan  and  Sanderson*  and  in  the  collisionless  limit  (P  - o) 
becomes 


1 + i j / dr  exp  iatr  + rl  (cost  - 1)  - / “^^sin  t (14) 


which  is  a standard  result. 


III.  APPLICATION:  lON-CYCLOTRON-DRIFT  INSTABILITY 

The  ion-cyclotron-drift  (ICD)  instability  (also  known  as  the  drift-cyclotron  instability)^ 
has  received  considerable  attention  in  the  past  IS  years.  It  is  thought  to  play  an  important  role 
as  an  anomalous  transport  mechanism  in  a variety  of  "collisionless"  plasmas  (e.g.,  post- 
implosion stage  of  a theta  pinch, solenoidal  section  of  TMX,'^  the  polar  cusp,'*  the  iono- 
sphere,” the  Earth's  magnetotail^").  The  instability  can  be  excited  when  LJrn  < 
and  is  characterized  by  w,  — Itli  and  y — /0/(m,/m,)'^*  where  <o  — <o,  + iy  and  / is  the  ion 
cyclotron  harmonic  number.  Maximum  growth  occurs  for  k ■ B - 0 (i.e.,  kn  - 0)  with 


/ 


i 
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~ in  dense  plasmas  (i.e.,  » ft/).  Note  that  to  satisfy  the  condition 

(v,i/Cl,)k^rl,  > 1 at  maximum  growth,  we  require 

•'ll 

TT  ^ ^ 

For  a hydrogen  plasma,  Eq.  (15)  implies  that  if  (i^„/il,)  > 5 x 10“^,  ion-ion  collisions  will 
destroy  the  cyclotron  resonances  and  hence,  the  ICD  instability.  However,  rather  than  drive 
the  plasma  to  stability  we  demonstrate,  both  analytically  and  numerically,  the  transformation  of 
the  ICD  instability  to  the  lower-hybrid-drift  (LHD)  instability  in  the  presence  of  weak  ion-ion 
collisions. 


The  dispersion  equation  under  consideration  is 


D(<o.  k)  - I + X,  + Xr  - 0 


■ , . 

“ k\}  ^ ' 


ft, 


</Texp(ia)T/n,  “ <I>>(t))| 


l-exp((.,)4(*,)  1— 
k I ( o) 


4>,(t)  - y/cj^  jcoso-  -I-  i>,T-exp(-J>,T)cos(T-9)j 

ki  K/i  I , 1 

+ — |exp(— f,T)sinT  -I-  P,  (1  — exp(  — P,t)cost)I, 


i',  “ b,  - — k^  rl,,  - Avnellm„,\l  - 2TJm„,  - (v//2ft„)(d  In  n/Sx)^.,^ 

ft„  - e„B;Jm„c,  1)  is  the  modified  Bessel  function  of  order  /.  The  simple  form  chosen  for  the 
electron  susceptibility  is  valid  since  ft,  < w « ft,  and  it  is  assumed  that  « 1, 

v„/ft,  « 1 and  p„k^  « o>  (i.e.,  the  electrons  are  collisionless).  The  final  condition  is 
required  to  avoid  collisional  damping  due  to  electron  viscosity^'  and  will  be  discussed  further  in 


i F 


} -^  I 
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the  final  section.  We  emphasize  that  Eq.  (17)  is  valid  only  in  the  regime 
« 1 and  k^rl,  » 1. 


A.  Analytical  Results 


i.  vik^rl,)  « 1 


In  the  limit  v^k^rh)  « 1,  t « 1 and  k^rl,  » 1 collisional  effects  can  be  ignored  and 


we  find  that 


2wl  <^-kVa, 


7^  1 - I - cxp(-*,)/o(ft,) 


which  are  the  standard  results  for  the  ion-cyclotron-drift  instability.  Noting  that 
“ 1 

ir  col  (trz)  - T,  , we  can  rewrite  Eq.  (20)  in  a more  conventional  form^ 

2 — m 

kh}  ‘ ^ kr„  5o.-mn 

where  (Vnkri^,)~'  is  the  large  argument  expansion  of  !„  |y  exp  | - y The  ion 

cyclotron  resonances  are  apparent  in  Eq.  (22). 

ii.  v(k^rl,)  > 1 

In  the  limit  vik^r^)  > 1,  P « 1 and  k^r^,  » 1 we  can  again  approximate  the  electron 
susceptibility  by  Eq.  (21).  However,  the  ion  susceptibility  is  changed  substantially  from  Eq. 
(20).  We  consider  Eqs.  (17)  and  (19)  and  point  out  that  for  k^  r^,  »1  the  dominant  contri- 
bution to  the  integrand  occurs  in  the  vicinity  of  r=2irm(m»0,  1,  2,..).  We  let 
T “ 2nm  + I and  obtain 
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So  exp(<a)T  - exp  / I - ^ 


IS 


2irm  + 


2irm 


dt  exp 


- kV,, 

a 


^ - y khlr^ 


expi—lvk^rhmp]  exp 


+2irim 


(23) 

<»-ky„  I 


ft, 


where  8o,  8„  « 1.  Clearly  when  pik^rl,)  > 1,  the  first  term  in  Eq.  (23)  is  dominant  and  we 
find  (letting  8o  that 


s.2<ol 

where  {,  - (eo  - kVj)lk\i  and  we  have  made  use  of  the  relation 

Z({)  - i Vir  exp(-{^)ll  + erfUi)]. 
Thus,  the  dispersion  equation  becomes 


(24) 


(25) 


D(<o.  k)-l+^[\+  C,Z(£,))  + 


ky^e 

1-1 

exp(-6,)/o(6,) 

01 

(26) 


which  describes  the  lower-hybrid-drift  instability.^  Physically,  the  instability  is  excited  since  the 
ions  can  now  move  across  the  field  lines  and  be  in  resonance  with  the  drift  wave.  We  mention 
that  this  analysis  parallels  that  of  Allan  and  Sanderson  who  considered  electron  Bernstein 
modes  in  a homogeneous  plasma.^^  Finally,  note  from  Eq.  (23)  that  the  ICD  instability  will 
also  transform  into  the  LHD  instability  in  the  strong  drift  velocity  regime  (i.e.  y > (1,). 


B.  Numerical  Analysis 

We  now  solve  Eqs.  (1S)-(18)  numerically.  As  a relevant  example,  we  consider  the  equa- 
torial F region  of  the  ionosphere  where  the  dominant  ionic  component  is  O*  so  that 
m,  - 16  m^.  Recent  experimental  observations  indicate  intense  VHF  and  UHF  radar  back- 
scatter  during  equatorial  spread  F resulting  from  density  irregularities  of  1 m and  36  cm,  respec- 
tively.'* These  irregularities  correspond  to  wavelengths  such  that  k^r^  » 1.  Since  there  is 
also  evidence  of  density  inhomogeneities  with  scaie  lengths  L^lr^i  < (m,/m,)'^^,^^  it  has  been 
suggested  that  the  ICD  or  LHD  instabilities  are  responsible  for  the  irregularities.  Also,  because 
< 10~^  ion-ion  collisions  can  play  a significant  role  and  a numerical  study  is  required. 
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In  Fig.  1 we  show  y/n^  vs.  krt^  and  kti,  for  typical  ionospheric  parameters;  T,  - T^, 
«^/n,  - 10.0,  yjih,  “ 0.037  which  corresponds  to  L„  ~ 13  ri,(~  75  m)  and  ViJCii  ••  0.0, 
10~‘,  10“’,  10“^.  We  comment  that  wave  growth  also  occurs  for  fcro  > 1.5  but  has  not  been 
plotted.  We  first  indicate  the  wave  growth  spectrum  for  the  LHD  instability  (>)  where  we 
have  used  Eq.  (25).  The  spectrum  is  broadband  with  maximum  growth  at  kr^f  ^ 1.2  with 
<i»,  ~ 3.0ft,  and  y ~ 0.08  ft,.  Growth  occurs  for  < 0.15  but  is  very  weak  (i.e., 
y < 10“’ft,).  For  1',,/ft,  - 0.0  ( — • — •—)  we  see  that  the  first  three  cyclotron  harmonics  of 
the  ICD  insubility  are  excited  with  maximum  growth  occurring  at  kr^,  ~ 1.0  with  «>,  = 3.0  ft^ 

and  y ~ 0.15  ft,.  As  »',>/ft,  is  increased  to  10“‘  ( ) we  already  note  a change  in  the 

wave  spectrum.  Although  the  harmonic  structure  is  maintained,  the  maximum  growth  rate 
decreases  6%  and  growth  is  extended  beyond  -<•  1.45  for  the  3rd  harmonic.  For 

•'/,/ft,  - 10“’  ( ) a more  dramatic  change  occurs  in  the  wave  spectrum  as  the  harmonic 

structure  becomes  distorted.  The  wave  spectrum  collapses  to  the  LHD  curve  for  kri,  ~ 1.4 
(kri,  = 210)  which  corresponds  to  (i'/y/fty)Ar^r^  0.5.  Moreover  the  maximum  growth  rate 
decreases  by  40%  to  y ~ 0.09  ft,.  The  first  two  harmonics  are  still  evident  although  their 
growth  rates  have  decreased  somewhat.  When  •'///ft/  ~ 10^*  (xxxxx)  the  wave  spectrum  falls 
on  the  LHD  curve  and  only  the  slighest  hint  of  harmonic  structure  remains  at  / - 1 and  1^2. 

Figure  2 plots  /u/Oi  vs.  for  T,  ^ T,  (U/»./ft,  - 10.0  and  •'///ft/  - 0,  10“*,  10“’, 
10“’.  Here  yM  is  the  growth  rate  maximized  with  respect  to  k.  Again  we  indicate  the  results 
of  the  LHD  insutbiluy  (— ) as  a reference.  Setting  •'///ft/  0 we  recover  the  ICD  instability 

which  displays  substantially  stronger  growth  than  the  LHD  instability  for  weak  drifts  (i.e., 
Vii,  < 0.10  V/).  We  csn  distinguish  the  excitation  of  the  first  8 harmonics  as  l«/v/  is  increased. 
Also,  note  the  transition  to  the  LHD  instability  for  >0.11  ft,  which  occurs  when 
y ~ 0.75  ft/  as  indicated  earlier.  For  •'///ft/  ■■  10~*  ( ) we  note  that  the  growth  rates 
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are  gMierally  reduced  for  < 0.08S  v,  although  8 harmonics  are  still  apparent.  Increasing 

I'./n,  to  I0~’  ( ) causes  the  wave  spectrum  to  collapse  to  the  LHD  spectrum  with  only  the 

Ant  S harmonics  visible.  Finally,  for  vjti,  ~ 10~*  the  curve  lies  on  the  LHD  pioi. 

Thus,  we  have  shown  numerically  that  the  ICD  instability  makes  a transition  to  the  LHD 
instability  for  k^rl,  > 1.  Since  growth  occurs  for  k^rl,  » I,  we  And  that  only  a very 

small  amount  of  collisions  > I0~’|  is  needed  to  cause  this  transition  in  the  region  of 

maximum  growth.  For  typical  ionospheric  conditions,  lO*  cm~^  S.  " S.  cm~^  7j  ~ 0.1  eV 

and  A ~ 0.3  C we  And  that  10~*  < < 10~'  so  that  the  LHD  instability  should  dominate 

when  instability  occurs.  However,  it  is  found  that  the  condition  k*  r^,  < « is  not  MtisAed 
when  /I  > 10*  cm~’  for  moderate  density  gradients  (L.  > 8.0  tL,)  and  it  is  expected  that  the 
LHD  instability  will  be  stabilized  by  the  viscuous  damping  of  the  electrons  for  this  situation. 
Hence,  insubility  is  likely  to  occur  infrequently  and  will  be  restricted  to  low  density  regions  of 
the  F region,  such  as  the  interior  of  ionspheric  bubbles  during  equatorial  Spread  F**.  We  defer 
a more  complete  discussion  of  this  instability  and  its  application  to  Spread  F to  a subsequent 
report. 

IV.  DISCUSSION 

We  have  demonstrated,  both  analytically  and  numerically,  that  cyclotron  resonances  can 
be  destroyed  in  dense  («,  > (1),  weakly  collisional,  inhomogeneous  plasmas  when 
{pflDk^rl  > 1.  The  physical  mechanism  for  this  phenomenon  is  that  particles  can  diffiise  a 
distance  Lp  in  one  gyroperiod  due  to  collisions.  If  this  distance  exceeds  the 

wavelength  (i.e.,  (p/Mk^rl  > I)  then  the  wave  can  no  longer  mainuin  its  coherence.  This 
result  is  in  accordance  with  the  work  of  Dougherty^  and  Allan  and  Sanderson*  who  considered 

' in  ' , 
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only  homofeneous  plasmas.  It  is  an  important  result  since  it  indicates  that  the  ion  and  electron 
drift-cyclotron  instabilities  transform  into  their  unmagnetized  counterparts,  the  lower-hybrid- 
drift  (LHD)  instability  and  the  ion  acoustic  (lA)  instability,  respectively,  for  weakly  collisional 
plasmas.  We  specifically  discussed  the  ICD  instability  in  detail  and  found  the  transition  to 
occur  in  the  region  of  maximum  growth  for  (v^i/n,)  > (irif/m,).  However,  we  have  also 
pointed  out  that  electron  viscous  damping  can  stabilize  the  LHD  instability  when 
•'ft  'L  > since  electron  viscosity  provides  a dissipative  mechanism  for  the  wave.  Recog- 
nizing that  v”,  we  find  that  is  required  for  instabil- 

ity to  occur  in  the  region  of  maximum  growth.  Electron-electron  collisions  then  have  the  effect 
of  placing  a threshold  condition  on  the  diamagnetic  drift  velocity  necessary  to  excite  the  LHD 
instability  since  Hence,  *collisionless”  plasmas  on  cyclotron  time  scales,  such  as  the  F 

region  in  the  ionosphere,  may  in  fact  be  strongly  affected  by  weak  collisions  as  we  have  shown. 

In  collisionless  plasmas  both  the  ion  and  electron  cyclotron  drift  instabilities  require  a crit- 
ical density  gradient  scale  length  to  be  excited.  This  occurs  because  the  instabilities  are  pro- 
duced by  a coupling  of  a cyclotron  wave  wi  - O and  a drift  wave  <i»2  ~ ■ critical  drift 

velocity  is  therefore  required  to  satisfy  the  matching  condition  uj.  However,  when 
(vln)k^rl  > I these  instabilities  transform  into  the  LHD  and  lA  instabilities  which  are  driven 
via  wave-p'”‘ticle  resonances  and  have  different  turn-on  criteria.  In  the  case  of  the  LHD  insta- 
bility a critical  drift  velocity  is  required  to  overcome  electron  viscuous  damping  as  discussed 
above.  On  the  other  hand,  the  critical  drift  velocity  for  the  lA  instability  is  sensitive  to  Tf/T, 
and  may  or  may  not  be  excited  depending  on  the  actual  plasma  conditions. 

The  difference  in  the  nonlinear  behavior  between  the  ICD  and  LHD  instabilities,  and  the 
ECD  and  lA  insubilities  is  probably  a more  important  consequence  of  the  theory  since  entirely 
different  stabilization  mechanisms  are  operable.  The  ECD  instability  has  been  studied  in  detail 
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and  it  has  been  found  that  in  the  collisionless  limit,  resonance  broadening  due  to  turbulence 
effectively  'unmagnetizes*  the  electrons  and  a transition  is  made  to  the  lA  insubility.^*  This  is 
the  same  result  we  have  found  for  > 1.  A variety  of  theories  have  been  pro- 

posed for  the  nonlinear  saturation  of  the  lA  insubility  and  they  will  not  be  discussed  here. 

Recent  nonlinear  theories  have  been  presented  for  the  stabilization  of  the  ICD  instability 
and  rely  upon  a nonlinear  frequency  shift’^  or  low-frequency  (o*  « (1,)  density  fluctuations.^* 
On  the  other  hand,  the  suggested  saturation  mechanisms  for  the  LHD  instability  are  quasilinear 
stabilization,**  ion  trapping**  and  electron  resonance  broadening.*'  We  comment  that 
Hasegawa’s  theory**  concerning  stabilization  via  low-frequency  density  fluctuations  is  also  appli- 
cable to  the  LHD  instability.  We  will  not  discuss  the  details  of  these  stabilization  mechanisms 
but  simply  emphasize  that  different  saturation  energies  are  anticipated  for  the  ICD  and  LHD 
instabilities.  Hence,  the  role  of  weak  ion-ion  collisions  can  substantially  alter  the  nonlinear 
plasma  response  due  to  different  anomalous  transport  properties. 

Although  we  have  only  discussed  an  application  of  this  theory  to  the  ionosphere,  we  wish 
to  point  out  its  relevance  to  the  Tandem  Mirror  Experiment  (TMX).*.  TMX  will  consist  of  a 
straight  solenoidal  plasma  which  is  confined  by  conventional  mirror  end  cells.  The  solenoidal 
section  will  be  similar  to  a theta  pinch  and  the  ions  are  expected  to  have  a roughly  Maxwellian 
distribution.  Since  density  gradients  are  expected  with  scale  lengths  such  that 
< (m^/m,)'^*,  it  is  anticipated  that  the  ICD  instability  is  likely  to  occur.  Using  expected 
operating  parameters  for  the  solenoidal  section  (7)  - 80  eV,  n = lO**  cm"*,  B - 500  G),  we 
find  that  — 4 x 10~*.  Thus,  we  conclude  that  drift  waves  with  kr^  > IS  will  probably 
be  excited  by  the  LHD  instability  and  the  nonlinear  dynamics  in  this  regime  can  be  studied 
using  unmagnetized  ions.  Of  course,  finite  B and  temperature  gradient  effects  are  also  expected 
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to  play  a role  in  which  are  not  considered  in  this  paper.  However,  in  principle 

these  effects  can  be  included  in  a straightforward  manner  and  are  not  expected  to  alter  this  con- 
clusion. 

Finally,  we  point  out  that  the  Green’s  function  method  used  in  this  work  is  not  the  most 
direct  technique,  although  it  lends  itself  to  a simple  physical  interpretation.  Recently,  Catto  has 
computed  the  perturbed  density  in  a collisional,  inhomogeneous  plasma  using  a velocity 
transform  method^  which  is  a simpler  analysis.  For  a more  complex  situation  (e.q.,  inclusion 
of  temperature  gradients,  V B and  electromagnetic  effects  ) this  procedure  would  be  preferable 
to  the  one  outlined  in  this  work. 
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(CMCNIMC*  eNVELOFC;  ATTN;  OELTO-RSM) 
OICT  ATTN  OELfO-TI  M.  NCINC* 

Olcr  ATTN  OEUO-A8  R.  MIUlNtt 

OICY  ATTN  OELMO-NP  F.  WIUnITZ 

OICT  ATTN  OELfO-NF  C.  MOAZEO 


COrtWOCR 

U.S.  army  Cortt-CLEC  ENCRG  INSTAL  ASY 
FT.  muaCmuCA,  *Z  8861) 

OICY  ATTN  CCC-CFCO  seCIIGC  LANE 


COMFIAFOER 

U.S.  ARMY  FOREISN  SCIENCE  8 TEO  CTR 
220  7TM  STREET,  NE 
CHARLOTTESVILLE,  VA  22901 
OICY  ATTN  ORXST-SO 
OICY  ATTN  R.  J0>CS 


COmAfOER 

U.S.  arny  materiel  OEV  t REAOIKSS  CW 
SOOI  CISEI««WER  AVENUE 
alExatoria,  VA  22553 

OICY  ATTN  ORCLK  U.  A.  SEFOER 


COFFIA7CER 

U.S.  ARMY  nuclear  ANO  CHEMICAL  AGENCY 

7500  8ACKLICK  ROAO 

aLOG  2071 

SPRINGFIELD,  VA  22150 
OICY  ATTN  library 

DIRECTOR 

U.S.  ARMY  ballistic  research  labs 

ABEROEEN  PROVING  GROUNO,  « 21005 

OICY  ATTN  TECH  LIB  EOWARO  BA  ICY 

COHHAMTER 

U.S.  army  satcch  agency 

FT.  HOfmiTM,  NU  07705 

OICY  ATTN  OOCVACNT  CONTROL 

COMHAFOER 

U.S.  army  missile  intelligence  agency 

REDSTONE  arsenal,  Al  35809 
OICY  ATTN  JIH  GAFaLE 

DIRECTOR 

U.S.  army  traooc  system  analysis  activity 

HHITE  SAFOS  MISSILE  range,  NFI  88002 
OICY  ATTN  ATAA-SA 
OICY  ATTN  TCC/F.  PAYAN  J*. 

OICY  ATTN  ATAA-TAC  LTC  U.  MESSE 


COMMAMER 

NAVAL  SURFACE  WEAPONS  CENTER 
damlgren  laboratory 
DAFA.GREN,  VA  22*48 

OICY  ATTN  COOE  0F>14  R.  BUTLER 

COMF«U«INC  UFFICS* 

NAVY  SPACE  SYSTEMS  ACTIVITY 
P.O.  BOX  92980 
fORlOnay  postal  CE.NTER 
LOS  ANGElES,  CA.  90009 
OICY  ATTN  COCA  52 

OFFICE  OF  NAVAL  RESEARCH 
ARLINGTON,  VA  22217 

OICY  ATTN  COOE  465 
OICY  ATTN  COOE  481 
OICY  ATTN  COOE  402 
OICY  ATTN  COOE  420 
OICY  ATTN  COOE  421 

COMMAfCE* 

AEROSPACE  DEFENSE  COfwfo/OC 
DEPARTMNT  OF  THE  AIR  FORCE 
ENT  AFB,  CO  80912 

OICY  ATTN  OC  MR.  lOF* 

AEROSPACE  DEFENSE  COMMAFO/XPO 
department  OF  THE  AIR  FORCE 
ENT  AFB,  CO  80912 

OICY  ATTN  XPOOQ 

OICY  ATTN  XP 

AIR  FORCE  geophysics  laboratory 
HANSCOM  AFB,  M*  01751 

OICY  ATTN  OPR  HAROLD  GARDNER 

OICY  ATTN  OPR-1  JAF«S  C.  ULNiOt 

OICY  ATTN  LKB  AEMCTH  S.  W.  CHAF*I0N 

OICY  ATTN  OPR  ALVA  T.  STAIR 

OICY  ATTN  Pt#  JULES  AARONS 

OICY  ATTN  PFO  JURGEN  BUCMAU 

OICY  ATTN  PK)  JOHN  P.  MULLEN 

AF  VEAPOAlS  LABOUTORY 
RIRTLANO  AFB,  m 87117 
OICY  ATTN  SUL 

OICY  ATTN  CA 

OICY  ATTN  OYC 

OICT  ATTN  DYC 

OICY  ATTN  OYT 

OICT  ATTN  OES 

OICT  ATTN  OYC 


ARTHUR  M.  GUENTHE.R 
CAPT  J.  BARRY 
J0F«  M.  AAFtF 
CAPT  FVIRK  A.  FRY 
MAJ  GARY  GANONG 
J.  JAFMI 


AFTAC 

PATRia  AFB,  Fl  52925 

OICY  ATTN  TF/MAJ  WILEY 
OICY  ATTN  TN 

AIR  FORCE  AVIONICS  LABORATORY 
MRIGMT-PATTERSCN  AFB,  OH  45453 
OICY  ATTN  tJO  FADE  FAINT 
OICY  ATTN  AAO  ALLEN  JOHNSON 


COFM*F«ER 

NAVAL  ELECTRONIC  SYSTEFS  COFMANO 
fASHINGTON,  O.C.  20580 

OICY  ATTN  NANALER  054  T.  FRNMBS 
OICY  ATTN  FME  117 
OICY  ATTN  FME  117-T 
OICY  ATTN'COOE  5011 

COFFMFOING  OFFICER 
NAVAL  INTEUIGENCE  SUPPORT  CTR 
4H1  SUITLAFO  ROAO,  ILOG.  5 
WASHINGTON,  O.C.  20590 

OICY  ATTN  MR.  DUBBIN  STIC  12 

OICY  ATTN  NISC-50 

OICY  ATTN  CODE  5404  J.  GALET 


deputy  CM  Iff  of  staff 

RESEARCH,  DEVELOPMENT,  8 ACQ 

oepartfcnt  op  the  air  force 

WASHINGTON,  O.C.  20550 
OICT  ATTN  APROQ 

HCAOquARTERS 

electronic  systems  oivision/xr 

OEPARTFCNT  OF  THE  AIR  FORCE 
HMSCOM  AFB,  MA  01731 

OICT  ATTN  XR  J.  DEAS 

fCMOUARTERS 

electronic  STSTEFC  DIVISION/YSEA 
department  of  the  air  FORCE 

HAFCCOM  AFB,  FW  0<7S1 
'ICT  ATTN  ys»a 
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I 


comiu>ce^ 

'UVAC  OCSAN  CSNTC« 

SAN  dlc(i0,  CA  92152 

05CY  AtT\  cooe  532  «.  'CcM 
OICY  ATTN  cooe  0230  C.  aA<i«TT 
Oict  ATT\  ccoe  Jl  «.  SASTMAS 

JUECYca 

naval  ^ESEA^O*  '.AdOAATOttr 
«ASr*|NGTQN,  J.C.  2037S 

OICY  ATTN  COOE  S700  Tl.NOThT  A.  COFFEY 
C25  CYS  IP  -NCUASS.  I CY  IF  CUSS) 

OICY  ATTN  COOe  6701  JACK  0.  SROWN 
OICY  ATTN  CODE  5760  3RAXM  HEAD  Cl50  CYS 

IF  uNXASS,  1 CY  iF  CLASS) 

OICY  ATTN  COOE  7500  rt>  COW  OIR  SRUCE  -AlO 

OICY  ATTN  CODE  7550  j.  OAVIS 

OICY  ATTN  COOE  75JiO 

OICY  ATTN  COOE  7551 

OICY  ATTN  COOE  7555 

OICY  ATTN  COOE  6730  d.  .^LEAN 

OICY  ATTN  COOE  7127  C.  jOiNSON 


STRATEGIC  AU  COMMAt^/XP^S 
OFFuTT  AF0,  N8  66113 

OICY  ATTN  XPFS  MAJ  3.  STdPHAN 
OICY  ATTN  AOwATE  f-Aj  dRUCE  dAuER 
OICY  ATTN  NRT 

OICY  aTTN  0<X  CwlEF  SCIENTIST 

SANSO/YA 
p.  0.  sox  92960 
W0RL>AY  postal  CENTER 
.OS  ANGELES,  CA  90009 

OICY  ATTN  YAT  CAPT  L.  SLAa^ELOER 

SAMSO/SK 
P.  0.  SOX  92960 
wORLONAY  postal  CENTER 
LOS  ANGELES,  CA  90009 

OICY  ATTN  S<A  CSPACE  COW  SYSTE'^)  M.  CLAViN 
SAF60/MN 

NORTON  AFS,  CA  92409 
CMlNUTEmN) 

OICY  ATTN  MNN.  LTC  <eN^€OY 


COMMAfOER  COMMRJ'OER 

NAVAL  SEA  SYSTEMS  ROME  AIR  OEVELOPMENT  CENTER,  AFSC 

^ASmInGTOn,  D.;.  20362  manSCOm  AF8,  01731 

OICY  ATTN  CAPT  R.  PlTKlN  OICY  ATTN  EEP  A.  LORENTZSN 


COWA^CER 

naval  SPAa  SuRVEIlUNCE  system 

ORH.GRCN,  VA  224n6 

OICT  ATTN  CAPT  j.  M.  eUTON 

OFFICER-IN-CmARGE 

naval  Surface  <*eapons  center 

^ITE  OM,  SILVER  SPRING,  'C  20910 
OICY  ATTN  COOE  FJi 

DIRECTOR 

strategic  system*  prooect  office 

OEPARTf^NT  OF  Tm£  NAvY 
<«aSmI><TON,  O.C.  20376 
OICY  aTTn  nSP-2141 
OICY  ATTN  nSSP-2722  F?C0  <<lr«6RLY 

NAVAL  SPACE  SYSTEM  ACTIVlTr 
p.  0.  dox  92960 
-0RL>AY  postal  center 
wOS  -nGElES,  calif,  90009 

OlC’"  ATTN  A.  S.  maZZARO 

HEAOQOARTERS 

electronic  systems  OlvlSlON/X 
department  of  the  air  FORCE 
HANSCOM  AF3,  MA  01731 

OICY  ATTN  OCKC  MAU  J.  C.  CUHC 


DEPARTNENT  OF  ENERGY 


DEPARTMENT  OF  ENERGY 
ALSuC-JERQUE  ‘OPERATIONS  OFFICE 
P.  0.  SOX  5400 
AlSUOUERQUE,  nm  87115 

OICY  ATTN  DOC  CON  FOR  0.  SmERwOOO 

department  cf  energy 

LIERARY  ROOM  G>042 
maShInGTON,  O.C.  20545 

OICY  ATTN  OOC  CON  FOR  A.  LABOWITZ 

EGSG,  INC. 

LOS  alamos  DIVISION 

p.  0.  SOX  809 

lOS  alamos,  nm  85544 

OICY  ATTN  OOC  CON  FOR  J.  SREEXOVE 

UNIVERSIT'^  OF  CALIFORNIA 
LAWRENCE  LIVERMORE  LASORATORY 
P.  0.  SOX  808 
LIVER7«RE,  CA  94550 

OICY  ATTN  OOC  CON  FOR  TECH  INFO  DEPT 
OICY  ATTN  DOC  CON  FOR  L-589  R.  OTT 
OICY  ATTN  OOC  CON  FOR  L-31  R.  mAGER 
OICY  ATTN  DOC  CON  FOR  L-46  F.  StRARO 


:dwv^4oer 

FOREIGN  technology  DIVISION,  AFSC 
.^RIGmT-PATTERSON  AFS,  'DM  45433 
OICY  ATTN  NICO  lISRARY 
OICY  ATTN  STOP  S.  SALLARO 


COMMA^OCR 

RO^<  AIR  DEVELOPMENT  CENTER,  AP5C 
GRIFFISS  AFS,  NY  13441 

OICY  ATTN  DOC  ..IBRARY/TSLO 
OICY  ATTN  OCSE  V.  COYNE 

SAMSO/SZ 

^csr  CFPICE  30X  92960 

-•0Rl>ay  postal  center 
.DS  anGElES,  CA  90009 
CSPACE  -EFSNSE  5YS’’*>«) 

OICY  AT*S  52j 


LOS  alamos  SCl&NTIFIC  LASORATORY 

p.  0.  SOX  1663 

LOS  alamos,  w 87545 

OICY  ATTN  OOC  CON  FOR  J.  WOLCOTT 
OICY  ATTN  DX  CON  FOR  R.  F.  TASCME^ 

OICY  ATTN  DOC  CON  FOR  £.  JONES 
OICY  ATTN  OOC  CON  FOR  j.  MALK 
OICY  ATTN  DOC  CON  FOR  R.  JEFFRIES 
OICY  ATTN  DOC  CON  FOR  J.  ZIW 
OICY  ATTN  OOC  CON  FOR  P.  REATON 
OICY  ATTN  OOC  CON  FOR  D.  wfiSTERVEUT 

SAfCIA  LASORATORIES 
p.  0.  SOX  5800 
ALSUOUERQUE,  NM  87115 

OICY  ATTN  DOC  CON  FOR  J.  MARTIN 

OICY  ATTN  DOC  CON  FOR  F.  8R0MN 

OICY  ATTN  OOC  CON  FQR  A.  TMCRNSROUGn 

OICY  ATTN  DOC  CON  FOR  T.  wRIGmT 

OICY  ATTN  DOC  CON  FOR  D.  DAH-iRBN 

OICY  ATTN  OOC  CON  FOR  3141 

OICY  ATTn  doc  con  for  space  *ROwECT  DlV 
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SANOIA  uAdORATO^tlES 
UlvEAno^e  wAdCAATOAT 
P.  0.  dOx  969 
lUE%*^S,  Ca  9«»5$0 

31CY  ATTN  MC  CON  *04  a.  .HjAPXY 
OICT  ATTN  OOC  CON  *04  T.  COCH 

oppiCE  jp  .'^lurAAT  application 
0EPA4T>£nT  op  sNEACT 
-AS«I%TCN,  O.C.  20545 

OICY  AT^S  OOC  CON  POA  0.  OAlE 


OThEA  G0vE4V<VT 


central  iNTELLlOeyiE  AGENCY 
ATTN  AO/SI,  AN  5046,  -iQ  atOG 
-^AShImjton,  O.C.  20505 

OICY  ATTN  OSl/P$lO  AW  5P  19 

OEPAAT.vcNT  op  COft^ACS 
nATIONAc  8UASAU  OP  STA^AAOS 
WASHINGTON,  O.C.  20254 

(all  COAAES:  ATTN  SEC  OPPICEA  POA) 
OICY  ATTN  A.  .NOOAE 

oepaatn^nt  op  taanspcatation 
CPPICE  OP  the  secretaay 
TA0-44.l«  AOCN  10402-a 
400  7Tm  street,  S.w. 
wAS^I'XiTON,  O.C.  20590 
OICY  ATTN  A.  lEpIS 
OICY  ATTN  A.  OCPiEATV 

INSTITUTE  POA  telecom  SCIENCES 
NATIONAL  '^sLECOmpXlCATIONS  i I^#0  AQHIN 
aOuLOEA,  CO  8030} 

OICY  ATTN  A.  uEAN  (UNCLASS  ONLY) 
OICT  ATTN  W.  uTLAuT 
OICT  ATTN  0.  CAOP«tE 
OICT  ATTN  L.  dEAAY 

national  oceanic  8 ATMOSPHEAIC  AOMIN 
EnvIAOPCNTAl  RESEAA^  LAaOAATOAIES 
OEPAAT^fNT  OP  COMWEACe 
aOULOEA,  CO  80302 

OICT  ATTN  A.  GAUta 

OICT  ATTN  AEAONOMY  LAt  C.  AEIO 


Oe®AAr,NENT  (y  OEPEnSE  CONTAACTOAS 


AEROSPACE  CORPORATION 

p.  0.  aox  92957 

uOS  A.NGELSS,  CA  90009 

OICY  ATTN  I.  CAAPUNCEL 
OICY  ATTN  T.  salmi 
OICT  ATTN  V.  JOSEPmSON 
OICT  ATTN  S.  90NEA 
OICT  ATTN  N.  STOOCwEa 
OICT  ATTN  0.  OLSEN 
OICY  ATTN  J.  CAATEA 
OICY  ATTN  P.  MOASE 
OICT  ATTN  SMPA  POA  PWN 

ANALYTICAL  SYST£.'«  ENGI^ERIN*  COAP 
$ OLO  CONCOAO  ROAD 
auALiNGTON,  .1A  01803 

OICT  ATTN  RAOIO  SCIENCES 

SEiacSLEY  RESEARCH  ASSOCIATES,  I'C. 
A.  0.  90X  983 
aERKELET,  CA  94701 

OICY  ATTN  J.  WORKMAN 


80EING  COJ^Any,  The 
P.  0.  dOX  5707 
SEATTLE,  wA  98124 

OICY  ATTN  G.  XEISTER 
OICY  ATTN  0.  MURRAY 
OICY  ATTN  G.  MALL 
OICY  ATTN  J.  <£(^6Y 

calipornia  at  san  DIEGO,  uNiv  y 
IPAPS,  8-019 
uA  uOLLA,  CA  92093 

OICY  ATTN  mENRY  G.  90(XER 

SAONN  ENGir€CRiNG  CCT^ANY,  INC. 

CUHMirAIS  RESEARCH  PARK 
HUNTSVILLE,  Al  J5807 

OICY  ATTN  R0f€0  A.  DEL  I SEA  IS 

Charles  stark  draper  laboratory,  inc. 

555  technology  SQUARE 
CAMBRIDGE,  MA  02139 

OICY  ATTN  D.  a.  COX 
OICY  ATTN  J.  P.  GIU'^AE 

CO^UTER  SCIENCES  CORPORATION 
5565  ARLINGTON  3LvO 
pallS  CHuRO,  VA  22048 
OICY  ATTN  M.  ElANC 
OICY  ATTN  JOHN  SPOOR 
OICY  ATTN  C.  NAIL 

COMSAT  laboratories 

lInTmICUM  RCAO 
CLARKSauRG,  ^ 20734 
OICY  ATTN  G.  myOE 

CORNELL  jnWERSITy 

OEPARTj^NT  y electrical  £NGl^£S^rNG 
ITmACA,  NY  14850 

OICY  ATTN  0.  T.  FARLET  JR 

ELSCTROSPACE  systems,  INC. 

SOX  1559 

RICHARDSON,  TX  75080 

OICY  ATTN  rt.  LOGSTON 

OICY  ATTN  SECURITY  (PAUL  PHILLIPS) 

*Sl  Inc. 

495  JAVA  DRIVE 
SU^P4YVALE,  CA  94086 

OICY  ATTN  J.  ROBERTS 
OICT  ATTN  jAP€3  MARSHALL 
OICY  ATTN  C.  w.  PRETTie 

POAO  AEROSPACE  S COMMUNICATIONS  CORP 
3939  PAaiAN  WAV 
PALO  alto,  CA  94305 

OICY  ATTN  d.  T.  MAHINGLEY 

GENERAL  electric  COMPANY 
SPACE  DIVISION 

valley  pyoe  space  center 

GOOOARO  dLvO  KING  y PRUSSIA 
P.  0.  80X  8555 
PHILADELPHIA,  PA  19101 

OICY  ATTN  M.  M.  8CRT*<R  space  SCI  .AB 

general  electric  CO^^ANY 

p.  0.  BOX  U22 
SYRACUSE,  NY  13201 

OICY  ATTN  P.  REIiERT 

GENERAL  ELECTRIC  COPPANt 
TG^O-CENTER  fOU  ADVANCED  STUDIES 
316  STATE  STREET  (P.O.  DRAWER  QQ) 

SANTA  BARBARA,  CA  93102 


OICY 

ATTN 

DAS I AC 

OICY 

ATTN 

DON  Chandler 

OICY 

ATTN 

TOM  •arret*’ 

OICY 

ATTN 

tim  step*-ans 

OICY 

ATTN 

wARAEN  s.  Knapp 

OICY 

ATTN 

WIL.1AM  «*C.S4f-A  U 

OICY 

ATTN 

3. 

OICY 

Ar*N 

iACK  STAN’CN 
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ic*«AL  c;.£CT^IC  S£^vlC£5  CO.,  I-nC. 

-<«63 

COcaT  s:ag5T 
5riwc-se,  St  13201 
3:ct  ATTs  i. 

acsEAao  coapORATiON 

SANTA  aARSA^A  01  VISION 

p.  0.  30X  6770 

SANTA  SARBARA,  CA  93111 

OICY  ATTN  oQMN  ISE  JR 
OICT  ATTN  JOEL  OARSAAINO 

igOPMTSICAL  INSTITUTE 
university  op  Alaska 
PAIR8A.^S,  AK  99701 

Call  Class  attn;  security  opficer) 

OICY  ATTN  T.  N.  OAVIS  CUNa  ONLY) 

OICY  ATTN  NEAL  BROWN  (UNCL  ONLY) 

OICY  ATTN  technical  LIBRARY 

4TE  SYLVANIA,  INC. 

ELECTRONICS  SYSTcNS  GRP-EASTgRN  OlV 
77  A STREET 
NEEOmAN,  02194 

OICY  ATTN  MARSHAL  CROSS 


<AMAN  SCIENCES  CORP 
P.  0.  BOX  7W65 
CXORAOO  SPRINGS,  CO  30933 
OICY  ATTN  T.  .'^EAGhER 

LiNCAaiT  CORP 
10453  ROScLLc 
SAN  DIEGO,  CA  92121 

OICY  ATTN  IRWIN  JACOBS 

LOwEll  RSCH  FOUf«ATION,  UNIVERSITY  OP 
450  AIKEN  STREET 
LOWELL,  MA  01854 

OICY  ATTN  <.  aiBL 

M.I.T.  LINCOLN  laboratory 
P.  0.  box  73 
LEXINGTON,  MA  02173 

OICY  ATTN  OAVIO  N.  TOWLE 
OICY  ATTN  P.  WALDRON 
OICY  ATTN  L.  LOOOHLIN 
OICY  ATTN  0.  CLARK 

.MARTIN  .MARIETTA  CORP 
ORLANOO  DIVISION 
P.  0.  BOX  5837 
ORLA^,  PL  32805 


OICY 

ATTN  R.  HEFFNER  1 

ILLINOIS,  university  op 

1 

DEPARTENT  OP  Electrical  engieering 

MCdO^LL 

DOUGLAS  CORPORATION 

URBANA,  tU  61803 

5301  BOLSA  AVE.H,E  1 

OICT  ATTN  K.  Y£H 

HUNTINGTON 

BEACH,  CA  92647  [ 

OICY 

ATTN  N.  -tARRIS 

Illinois,  university  op 

OICY 

ATTN  J,  ,'-OULS 

107  coble  hall 

OICY 

attn  GEORGE  MROZ 

801  S.  WRIGHT  STREET 

OICY 

ATT.N  W.  XSCN 

URBANA,  IL  60680 

OICY 

ATTN  R.  4.  hALPRIN 

(all  CORRES  ATTN  SECURITY  SUPERVISOR  POR) 

OICY 

ATTN  TECHNICAL  .IBRARY  55RVIC2S 

OICY  ATTN  K.  YEH 

i 

1 

institute  for  defense  analyses 

MISSION  RS 

iSEARCH  CORPORATION  [ 

400  ARMY^VY  DRIVE 

735  STATE 

STREET  ' 

ARLINGTON,  VA  22202 

SANTA  BARBARA,  CA  93101  % 

OICY  ATTN  J.  M.  AEIN 

OICY 

ATTN  P.  FISCHER  1 

OICY  ATTN  ERNEST  BAUER 

OICY 

ATTN  w.  F.  CREVIER 

OICY  ATTN  HANS  WOLPHARO 

OICY 

attn  STEVEN  L.  CUTSCHE  i 

OICY  attn  JOEL  BENGSTOn 

OICY 

ATTN  D.  SAPP€^#IELO  j 

OICY 

attn  R.  bogusch 

hS5,  INC. 

OICY 

ATTN  R.  hE»CRICX 

2 AlPREO  CIRaS 

OICY 

ATTN  RALPH  <1l8 

aeOPORO,  MA  017  30 

OICY 

ATTN  DAVE  SCWLE  | 

OICY  ATTN  oom.0  HANSEN 

OICY 

ATTN  F.  FAjEN  ' 

OICY 

ATTN  M.  SCHBIBE 

intl  tel  4 telegraph  corporation 

OICY 

ATTN  CONRAD  L.  LONGMIRE 

5U0  WASHINGTON  AVENUE 

OICY 

ATTN  WARREN  A.  SCHLUETER  ^ 

NUTLEy,  no  07110 

OICY  attn  technical  library 

MITRE  corporation,  the  I 

p.  0.  BOX 

208 

jAYCOR 

1401  CANI-^  DEL  MAR 
DEL  MAR,  CA  92014 

OICY  ATTN  S.  R.  GOLDMAN 


SEOPORO,  MA  01730 

OICY  ATTN  .MORG^NSTERN 
OICY  ATTN  G.  HARDING 
OICY  ATTNC.  E.  CALLAHAN 


JOHNS  HOPKINS  JNI'/ERSITY 

applied  A-Ysics  laboratory 
JOHNS  HOPKINS  ROAD 
uALREL,  HO  20810 
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